The effect of humidity on the film stability of Bovine Lipid Extract Surfactant (BLES) is studied using the captive bubble method. It is found that adsorbed BLES films show distinctly different stability patterns at two extreme relative humidities (RHs), i.e., bubbles formed by ambient air and by air prehumidified to 100% RH at 37°C. The differences are illustrated by the ability to maintain low surface tensions at various compression ratios, the behavior of bubble clicks, and film compressibility. These results suggest that 100% RH at 37°C tends to destabilize the BLES films. In turn, the experimental results indicate that the rapidly adsorbed BLES film on a captive bubble presents a barrier to water transport that retards full humidification of the bubble when ambient air is used for bubble formation. These findings necessitate careful evaluation and maintenance of environmental humidity for all in vitro assessment of lung surfactants. It is also found that the stability of adsorbed bovine natural lung surfactant (NLS) films is not as sensitive as BLES films to high humidity. This may indicate a physiological function of SP-A and/or cholesterol, which are absent in BLES, in maintaining the extraordinary film stability in vivo.
Introduction
The alveolar surface of mammalian lungs is lined with a thin fluid continuum known as the alveolar lining layer [1, 2] . It consists of an aqueous hypophase covered by a film of lung surfactant [3] . The main function of this lung surfactant film is to reduce the surface tension of the alveolar surface [4] . By lowering the alveolar surface tension, the energy required to inflate the lungs during inspiration is minimized and the likelihood of lung collapse during expiration is also reduced [5] .
To avoid lung collapse at the end of expiration, the lung surfactant film must sustain an extremely high surface pressure for a sufficiently long time [6] . By monitoring the shape change of a fluorocarbon droplet spread on the alveolar surface of excised lungs, Schürch [7] has shown that individual alveoli maintained near-zero surface tensions for a prolonged period when the lungs were deflated to 40% of the total lung capacity. Such lung surfactant films at near-zero surface tensions are in a metastable state-the surface tension is far lower than the equilibrium value of a predominantly phospholipid film, i.e., ∼25 mJ/m 2 [5, 6] . In other words, the surface pressure sustained by these films, due to lateral compression, is much higher than the pressure under which the films are spontaneously spread on the substrate, defined as the equilibrium spreading pressure. With time the surface tension of such films held at a constant area has a tendency to rise back to the equilibrium value. The extraordinary metastability of lung surfactant films is a rather unique property since a fluid film formed by amphiphilic molecules at an air-water interface generally collapses rapidly when the surface pressure is higher than the equilibrium spreading pressure, i.e., when the surface tension is less than the equilibrium value [8] . The film collapse is indicated by an instant or gradual increase of surface tension towards the equilibrium value when the film compression is halted and this phenomenon is known as film relaxation [9] . The magnitude of surface tension increase and the time for complete relaxation from a temporarily low surface tension upon compression back to the equilibrium value are therefore useful measures of the film metastability, or simply, film stability, hereafter. Normal respiration likely takes place in the range of low surface tension; hence the rate of film relaxation is an important criterion for surface activity. The stability of lung surfactant films has been extensively studied in vitro. However, the results obtained from different methodologies are inconsistent. Hildebran et al. [10] failed to reproduce the in situ stability of lung surfactant films in a Langmuir-Wilhelmy balance (LWB) at the physiological temperature. In the LWB, if the area of a compressed film with low surface tension was kept constant, the surface tension spontaneously and rapidly increased. Later, Goerke and Gonzales [11] found that only a pure dipalmitoyl phosphatidylcholine (DPPC) film was capable of maintaining stability in a LWB, simulating that found in situ. Similar results were also found in the pulsating bubble surfactometer (PBS). Yu and Possmayer [12] reported that bubbles formed in organic lung surfactant extracts relaxed from the minimum surface tension to the equilibrium value within 3-4 min. Only a reconstituted surfactant with a high fraction of DPPC was able to maintain the stability [12] . These results apparently conflict with the in situ measurements [7] .
These contradictory findings have been attributed to film leakage [5, 6, 12, 13] . Film leakage occurs as a fundamental thermodynamic phenomenon: at sufficiently low surface tensions, the surface active material tends to spread from the air-water interface onto the solid that supports the film as this process decreases the total free energy of the system [5, 6] . Leakage could occur at the barrier of a LWB or the capillary from which the bubble is suspended in a PBS [5, 6] . Due to film leakage, the stability test at the minimum surface tension can be essentially meaningless.
To avoid film leakage, Schürch et al. [13] introduced the captive bubble surfactometer (CBS) to the study of lung surfactant systems. In CBS, a bubble floats up against but is separated from a hydrophilic ceiling by a thin wetting film of the surrounding aqueous liquid, thus maintaining the continuity of the air-water interface. Compression and expansion of the lung surfactant film formed on the bubble surface is conducted by varying the pressure of the liquid subphase in which the bubble is formed, thus eliminating the contact of the surfactant film with any kind of barrier. As a result, CBS prevents the bubble from adhering to any solid support and removes all possible pathways for film leakage. Using CBS, Schürch et al. [13, 14] and Putz et al. [15, 16] have successfully reproduced the in situ stability of lung surfactant films. The rate of surfactant desorption was found to be generally four orders of magnitude smaller than the rate of adsorption [16] .
The in vitro stability of lung surfactant films is also affected by the film composition (e.g., with or without the surfactant apoproteins), the method of film formation (e.g., spread or adsorbed), the rate of compression [17] , the compressionexpansion history of the film [12, 14] , the initial surface tension prior to the compression [13] , and the conditions in which the measurements are conducted, such as temperature [11] and environmental humidity.
The fact that alveolar gas is saturated with water vapor is well documented in physiology textbooks [18, 19] . Consequently, the in vitro assessment of lung surfactants, especially those therapeutic preparations for surfactant replacement therapy, should be conducted in an atmosphere with 100% relative humidity (RH) at 37°C, i.e., in close simulation of the in vivo environment. Previous studies, however, largely ignored the possible effects of humidity on the film stability and only a few studies have been reported. Colacicco et al. [20] found that, when the atmosphere above an adsorbed DPPC film was presaturated with water vapor at 37°C, the minimum surface tension that could be reached by 20% film compression was only 22 mJ/m 2 . In contrast, a near zero surface tension could be easily obtained by the same compression if the atmosphere was kept dry. These authors concluded that high humidity destabilized the DPPC films, perhaps by hydration of these films from the air side. Wildeboer-Venema [21] also found that at 37°C, 100% RH increased the minimum surface tension of adsorbed lung surfactant films upon compression as compared with 0% RH. He speculated that the water molecules penetrating through the fatty acid chains of the phospholipid film destabilized the film by interacting with the polar headgroups. Barrow and Hills [22] [23] [24] also reported that for both DPPC and dog lung extracts, the minimum surface tensions obtained under physiological conditions (i.e., 37°C, 100% RH) were much higher than the surface tensions measured at room temperature and without humidity control. It should be noted that Hills's results at different humidity conditions [24] may not be directly comparable since he used a lower compression ratio in high humidity conditions. However, under physiological conditions, the minimum surface tension reached by 25% compression was only 25 mJ/m 2 for DPPC and 34 mJ/m 2 for dog lung extracts [24] . These results agree well with those reported by Colacicco et al. [20] and Wildeboer-Venema [21] .
A recent study also found that at 37°C the adsorption of a therapeutic lung surfactant, Bovine Lipid Extract Surfactant (BLES), at 100% RH was significantly slower than that at low humidity [25] . This dependence of adsorption kinetics on humidity was consistent in measurements using different drop/ bubble methods [25] and hence may suggest an intrinsic influence of humidity on surface activity of adsorbed BLES films. In the present study the effect of humidity on stability of adsorbed BLES films is studied using Axisymmetric Drop Shape Analysis in conjunction with a captive bubble (ADSA-CB) [26, 27] . At two extreme RHs, "dry" and "wet" conditions as defined below, stability of the BLES films is quantified by their ability to maintain low surface tensions at various compression ratios, the behavior of bubble clicks, and the film compressibility. It will be shown that these parameters clearly demonstrate that 100% RH at 37°C and at high compression ratios tends to destabilize the lung surfactant films adsorbed at the air-water interface of captive bubbles. Thus, these results necessitate careful control of humidity for all in vitro assessment of lung surfactant preparations. To gain insight into the physiological relevance of the humidity effect, stability of adsorbed films of bovine natural lung surfactant (NLS) under physiological conditions (i.e., 37°C and 100% RH) is also studied.
Methods

Lung surfactant preparations
Natural lung surfactant (NLS) was obtained by bovine lung lavage with a saline/magnesium chloride/calcium chloride solution via the trachea and purified by differential and gradient centrifugation [28] . NLS contains most components of endogenous lung surfactant, i.e., approximately 80-85 wt.% phospholipids, 5-10 wt.% neutral lipids (primarily cholesterol), and 5-10 wt.% hydrophilic and hydrophobic surfactant proteins. Detailed composition of the bovine NLS can be found elsewhere [28] .
Bovine liquid extract surfactant (BLES) (BLES Biochemicals Inc., London, ON, Canada) was extracted from the NLS with chloroform:methanol and precipitated with acetone. The acetone precipitate was made up in 0.1 M NaCl-1.5 mM CaCl 2 as a suspension. The suspension was dispensed into vials which were sealed and subject to terminal sterilization.
The resultant BLES contains approximately 98% phospholipids and 2% proteins by weight. The phospholipid components are approximately 45% DPPC, 35% unsaturated phosphatidylcholines (PCs), 12% phosphatidylglycerol (PG), 2% phosphatidylethanolamine (PE), 1% phosphatidylinositol (PI), 1% lysophosphatidylcholine (LPC), and 2% sphingomyelin (SPH). The protein components in BLES are only the low molecular weight hydrophobic proteins, SP-B and SP-C. High molecular weight hydrophilic proteins, SP-A and SP-D, as well as the neutral lipids, have been removed during extraction with organic solvents.
BLES was stored frozen in sterilized vials with an initial concentration of 27 mg/mL. It was diluted to 0.5 mg/mL by a salt solution of 0.6% NaCl and 1.5 mM CaCl 2 on the day of the experiment. The water used in the experiments was demineralized and glass distilled. The final diluted BLES preparation had a pH of 5.6.
Captive bubble experiments
The captive bubble arrangement, first introduced by Schürch et al. [13] , was used in this study. As mentioned previously, this arrangement was used because it outperforms the conventional methods, such as LWB and PBS, in providing a leakage-proof environment that facilitates the study of film stability at low surface tensions. The experimental arrangement used here has been described previously [26, 29] . Briefly, a captive bubble chamber was filled with lung surfactant suspension and thermostatically maintained at 37 ± 0.2°C by a water bath (Model RTE-111, Neslab Instruments Inc, Portsmouth, NH). An air bubble with a volume of approximately 20 μL (∼3 mm in diameter) was injected into the chamber by a microsyringe (50 μL, #1705, Gastight, Hamilton Corp, Reno, NY).
In order to vary the humidity in the gas phase (i.e., the bubble), the air used to form the bubbles was manipulated in the following ways: the air used to form a "wet" bubble was presaturated with water vapor in a humidification chamber maintained at 37°C and 100% RH (Omega RH411 Relative Humidity Meter, CT). A "dry" bubble was formed using ambient air, at the room temperature of 25°C and RH less than 50%. The reasons for using ambient air rather than completely dry air are: (1) to make the current study comparable to those published previously where ambient air was routinely used to form a bubble [13, 26] ; (2) due to the experimental difficulty in maintaining the humidity in a captive bubble, even if completely dry air were used to form a bubble, the gas phase in the bubble would still be somewhat humid; (3) a previous adsorption study has shown that ambient air was sufficient to make a significant difference in the surface activity in comparison with fully humidified air [25] .
After injection, the bubble immediately rested against the ceiling and formed a Laplacian shape. Subsequently, the bubble was left undisturbed for 5 min to allow adsorption of a lung surfactant film on the bubble surface. Complete film formation was indicated by reaching an equilibrium surface tension in the range of 22∼25 mJ/m 2 [5] . Subsequently, to study the stability of the lung surfactant film, the bubble (with the adsorbed film) was compressed by adding surfactant preparation into the chamber using a motor-driven syringe (5 mL, #1005, Gastight, Hamilton Corp). The compression ratio and compression time (t c ) were precisely controlled by a programmable motor controller (18705/6, Oriel Instru., Stratford, CT). The compression ratio was defined as the ratio of the total area reduction at the end of the compression to the initial surface area of the bubble prior to the compression and was varying from 15% to 75%. The compression time was set to be short (≤2 s) or prolonged (100 s), representing fast and slow compressions. After compression, the bubble was maintained at the minimum volume for 5 min to allow film relaxation, indicated by the rise of surface tension. It should be noted that the 5-min period used here was shorter than that used previously by other groups in studying film stability (i.e., 30 min) [13, 16] . A 5-min period appears to be sufficient to detect the effect of humidity on film stability as will be shown later. Also, this short-term observation avoids complications or artefacts due to the change of bubble volume and hence prevents violation of the constant volume assumption. The gauge pressure in the chamber was continuously measured by a pressure transducer (DP15, Validyne Eng Corp, Northridge, CA) and monitored via a universal data acquisition card (UPC601-U, Validyne). No detectable pressure drop occurred over the 5-min period.
A CCD camera (Model 4815-5000, Cohu Corp, Poway, CA) was used to take images throughout the experiment but at different acquisition rates. A high rate of acquisition at 30 images per second was used during the fast compression (i.e., t c ≤ 2 s), 10 images per second for the slow compression (i.e., t c = 100 s) and 2 images per second for adsorption and relaxation, respectively. The acquired images were processed by a digital video processor (Snapper-8, Active Silicon LTD, Uxbridge, UK) and stored in a workstation (Sun Blade 1500, Sun Microsystems Inc, Santa Clara, CA) for further analysis by ADSA.
Calculation of surface tension from bubble shape
In Schürch's CBS, the surface tension is approximated from the ratio of the bubble height to its diameter [30] . Instead, we have recently developed a new algorithm for analyzing captive bubble images using a combination of ADSA and the Canny edge detector [26] . Conceptually, ADSA determines surface tension by numerically fitting the shape of experimental bubbles to the theoretical profiles given by the classical Laplace equation of capillarity [31] . The input parameters of ADSA are the local gravitational acceleration, the density difference across the interface, and a number of coordinates of the bubble profile automatically detected by digital image analysis. The application of the Canny edge detector in ADSA facilitates precise edge detection from a noisy image (usually the case for a captive bubble in a lung surfactant suspension) and therefore promotes accurate measurement of surface tension, area and volume of the bubble, and curvature of the bubble at the apex [27] . This new version of ADSA-CB software features a user-friendly PC interface that allows for fully automatic analysis of captive bubble images [32] .
In order to illustrate the experimental protocol, Fig. 1 shows a typical experimental result from ADSA, i.e., surface tension, bubble area, bubble volume, and curvature at the bubble apex. It is noted that first the film is compressed within 2 s. The compression ratio is calculated from the area isotherm. After compression, the bubble is maintained at the minimum volume for 5 min to examine the film relaxation.
Calculation of film compressibility
The film compressibility, Cm = (1)/(A) (dA)/(dγ), which indicates the surface dilatational rheological properties of a film, was calculated using a digital differentiator, Savitzky-Golay filter [33, 34] . The Savitzky-Golay filter takes the first derivative by moving a convolution mask, based on a piecewise leastsquares polynomial fitting, over the experimental data. Fig. 2(a) shows the surface tensions of BLES films as they respond to different compression ratios in dry conditions. All compressions were started from an equilibrium surface tension in the range of 22-25 mJ/m 2 (the curves of adsorption can be found in [25] ) and were completed within 2 s in order to simulate the physiological rate of breathing. The stability test at each compression ratio was repeated for at least three times. For the sake of graphic clarity, however, only representative experimental runs at different compression ratios are presented here. It is noted that film stability decreases at elevated compression ratios. Up to 65% compression, surface tensions of the films only increase slightly during the 5-min period. For example, upon 15% compression, the surface tension only increases 0.3 mJ/m 2 within 5 min, i.e., with an average relaxation rate of 0.06 mJ/m 2 /min. Upon 65% compression, the surface tension increases from 0.9 to 2.6 mJ/m 2 after 5 min so that the average rate of film relaxation is 0.34 mJ/m 2 /min. When the compression ratio is increased to 70%, the film becomes noticeably unstable. Surface tension rises nearlinearly to 11.8 mJ/m 2 after 5 min with a relaxation rate of 2.24 mJ/m 2 /min. Upon 75% compression, the film becomes even more unstable, indicated by an increase of surface tension to 5 mJ/m 2 , only 5 s after compression is halted. The fast film relaxation is accompanied by a fast expansion of the bubble area, which allows readsorption of surfactant molecules to the interface. This leads to the surface tension plateau at 75% compression. Fig. 2(b) shows in more detail the curves at the end of the compression and the beginning of the relaxation. For graphical clarity, only two compression ratios, 55% and 70%, are illustrated. It is noted that upon 55% compression, no significant surface tension increase is observed immediately after the compression is halted at 1.5 s. In contrast, upon 70% compression a significant increase in surface tension (∼ 0.5 mJ/ m 2 ) occurs immediately after the compression is halted at 2 s. Towards the end of the 70% compression, i.e., at around 1 mJ/ m 2 , surface tension does no longer decrease smoothly, but shows marked fluctuations, although the compression is still continuing. Such patterns usually indicate film collapse [35] , which occurs when the film cannot sustain such high surface pressures and undergoes a 2-to 3-dimensional transition by forming a collapse phase [36] . When a captive bubble is subjected to compression beyond the collapse point, the bubble height no longer decreases and the bubble starts to shrink in diameter [13] . During collapse, the film remains at a minimum surface tension which is relatively unchanged regardless of further area reduction. Film collapse apparently contributes to the subsequent lack of film stability at high compression ratios. Fig. 1 . A typical experimental result (surface tension, bubble area, bubble volume, and curvature at the bubble apex) to illustrate the experimental protocol. Fig. 2 . Stability of BLES films as a function of compression ratio (CR) in dry conditions. All compressions are completed within 2 s. (a) surface tension decreases during compression (<2 s) and increases during relaxation (2-300 s); (b) enlargement of the surface tension curves at the end of compression and the beginning of relaxation for compression ratios of 55% and 70%. Upon 70% compression, the enlargement shows patterns of film collapse, indicated by the plateau during compression, and the subsequent stepwise surface tension increase when the compression is halted.
Results
Film stability at different compression ratios-fast compression
In comparison, Fig. 3(a) shows the surface tensions of BLES films responding to different compression ratios in wet conditions. The same trends of film stability on the compression ratio are observed as in dry conditions, i.e., the stability decreases with increasing compression ratio. However, the film loses stability significantly upon 60% compression whereas it is still stable at an even higher compression ratio (i.e., 65%) in dry conditions. Upon 60% compression, the surface tension increases near-linearly to 26.9 mJ/m 2 after 5 min. This rate of relaxation is more than twice that found at 70% compression ratio in dry condition. In addition, the surface tension after 5 min is even higher than the equilibrium value at which the compression was started. Increasing the compression ratio to 75% produces an essentially unstable film. The surface tension increases to a maximum value of 32 mJ/m 2 only 25 s after compression has been halted. After 5 min, the surface tension decreases to 25.8 mJ/m 2 , but this is still higher than the equilibrium value. Fig. 3(b) shows the enlargement of the curves at the end of the compression and the beginning of the relaxation. Again, for clarity, only two compression ratios, 40% and 60%, are illustrated. Upon 40% compression, no surface tension increase is observed after the compression is halted at 1.5 s. However, upon 60% compression the patterns of film collapse similar to those found in dry conditions at 70% compression ratio are also found. For instance, an approximately 0.5 mJ/m 2 increase in surface tension is found at around 1.1 s, well before the 60% compression is halted at 1.5 s.
Bubble clicks-slow compression
To further explore the effect of humidity on film stability, the effect of compression at a low rate is studied. The compression time used here is 100 s, approximately 50 times longer than those used in the fast compressions. This allows us to study film destabilization at high compression ratios with high resolution. Fig. 4 (a) and (b) show the results of surface tension, bubble area, bubble volume, and curvature at the bubble apex in dry and wet conditions, respectively. These results clearly demonstrate the experimental protocols. First, the bubble was compressed from an initial equilibrium surface tension of approximately 24 mJ/m 2 to a minimum value of approximately 1 mJ/m 2 . The compression is characterized by an almost linear decrease of bubble volume in the first 100 s. The compression ratios used in dry (Fig. 4(a) ) and wet (Fig. 4(b) ) conditions are 70% and 60%, respectively, corresponding to the compression ratios that start destabilizing the films found in the fast compressions. The bubble area is clearly interrelated with the surface tension, as controlled by the Laplace equation of capillarity. The curvature shows the combined effect of decrease in volume (tends to increase the curvature) and decrease in surface tension (tends to decrease the curvature). Second, after the compression was halted at 100 s, the bubble was maintained at the minimum volume for 300 s to test film stability. During this period, as shown in Fig. 4(a) and (b), volume and area are relatively unchanged. However, the surface tension increases gradually as a result of film relaxation.
The inserts in the surface tension results shown in Fig. 4 (a) and (b) clearly show the bubble clicks during the compression. Bubble clicks have been well documented in previous captive bubble experiments [13, 14] . They occur at low surface tensions upon film compression. When the film is compressed to such a point that it cannot sustain the high surface pressure, the film starts to shed part of the surface active material [13] . This causes a stepwise increase in surface tension associated with a sudden change in the bubble shape from a flat to a more rounded contour, i.e., a rapid reduction in surface area and increase in bubble curvature at a relatively constant bubble volume. The occurrence of bubble clicks indicates the start of film instability due to overcompression [37] .
It is noted that the bubble clicks in dry and wet conditions show different patterns. As a representative experimental run, Fig. 3 . Stability of BLES films as a function of compression ratio (CR) in wet conditions. All compressions are completed within 2 s. (a) surface tension decreases during compression (<2 s) and increases during relaxation (2-300 s); (b) enlargement of the surface tension curves at the end of compression and the beginning of relaxation for compression ratios of 40% and 60%. Upon 60% compression, the enlargement shows patterns of film collapse, indicated by the plateau during compression, and the subsequent stepwise surface tension increase when the compression is halted. Fig. 4(a) shows for dry conditions that the bubble undergoes three primary clicks in a repetitive pattern. As summarized in Table 1 , all three clicks occur at surface tension less than 1 mJ/m 2 and jump to approximately 2 mJ/m 2 after the clicking. On the other hand, the bubble undergoes a number of smaller and less repeatable clicks in wet conditions. Most importantly, the clicks in wet conditions start at approximately 2 mJ/m 2 , whereas in dry conditions they start at surface tensions lower than 1 mJ/m 2 . To further confirm the observation of bubble clicks, Fig. 5(a)  and (b) show the patterns of clicks (60-110 s) in dry and wet conditions, respectively. For both cases, three more experimental runs are shown in addition to those presented in Fig. 4(a) and (b). It is found that although the occurrence and the number of clicks cannot be reproduced completely due to the randomness of shedding film material, the general pattern of bubble clicks in each humidity condition is consistent and it is indeed different from each other.
Film compressibility-slow compression
For an insoluble film under dynamic conditions, film compressibility is a surface rheological parameter commonly used to reveal the interaction between the molecules forming the film [38, 39] . Fig. 6 shows the film compressibility measured from the experimental runs shown in Figs. 4 and 5 in both dry and wet conditions. In each humidity condition, three compressibility isotherms are presented to show the reproducibility. It is also noted that since rheological experiments should avoid any film collapse, film compressibility in both cases is measured only prior to the onset of bubble clicks. As shown in Fig. 6 , for moderately high surface tensions (i.e., 3-25 mJ/m 2 ) the film compressibility in both dry and wet conditions maintains a low value near 0.01 (mJ/m 2 ) −1 , which is consistent with our previous measurements [27] and those by other groups [13, 35] at the surface tension of 15 mJ/m 2 . However, at surface tensions less than 3 mJ/m 2 , a large difference appears between the two humidity conditions. In dry conditions, the compressibility only increases to no more than 0.1 (mJ/m 2 ) −1 with decreasing surface tension before the first bubble click occurs at approximately 0.6 mJ/m 2 . The compressibility in wet conditions, however, increases steeply by nearly two orders of magnitude before the first major click.
NLS films under physiological conditions
To shed light on the possible physiological relevance of the humidity effect, stability of films adsorbed from 0.5 mg/mL NLS suspensions (i.e., at the same concentration as BLES used here) was tested under physiological conditions, i.e., 37°C and 100% RH. 7 shows the relaxation of NLS films at different compression ratios corresponding to those used for BLES, as shown in Fig. 3(a) . It is found that the NLS films maintain a high stability even at elevated compression ratios. For example, upon 60% compression, the average relaxation rate of NLS films is less then 0.4 mJ/m 2 /min, which is 1 order of magnitude lower than BLES films at the same compress ratio. Upon 75% compression, the NLS films remain stable, with an average relaxation rate of only 0.5 mJ/m 2 /min. In contrast, the BLES films compressed under the same condition are essentially unstable ( Fig. 3(a) ). 
Discussion
Effect of humidity on the stability of BLES films
The stability of BLES films is clearly humidity dependent, i.e., BLES films adsorbed on the surface of captive bubbles formed by fully humidified air at 37°C ("wet" conditions) are less stable than the films adsorbed on bubbles formed by ambient air ("dry" conditions). This argument is based on the comparison of film relaxation upon various compressions, behavior of bubble clicks, and film compressibility, in these two humidity conditions.
Compression ratio and film collapse
Relaxation and stability of surfactant films are affected by both the minimum surface tension reached by lateral compression and the amount and speed of the compression, i.e., compression ratio and compression rate [9, 17] . For the adsorbed lung surfactant films studied in the captive bubble method, owing to the leakage-proof environment, a very low surface tension close to 1 mJ/m 2 can be readily achieved by a fast compression at a moderate compression ratio, e.g., 15% compression in Figs. 2(a), 3(a) and 7. The ability of reaching low surface tension by moderate, fast compression seems to be independent of humidity conditions. However, it is found that although reaching similarly low surface tensions, relaxation of the BLES films depends on the compression ratio. Previous studies found that compression ratio has a profound influence on the surface activity of lipid extract surfactant [35, 40] . The more a film is compressed the greater the likelihood that it loses surface active material from the air-water interface [40] . Therefore, the maximum compression ratio at which the film can maintain the minimum surface tension is a useful measure of film stability. The present study suggests that upon fast compression, the BLES films in wet conditions lose stability at a lower compression ratio than in dry conditions. The lack of stability upon high compression appears to be connected with film collapse.
The classical model of collapse of lung surfactant films involves the "squeeze-out" of non-DPPC components from the interfacial films at high surface pressure, which leads to highly DPPC-enriched homogenous films [41, 42] . However, the squeeze-out model has been challenged by recent studies on monolayer phase transition/separation using direct film imaging [43, 44] . The results from fluorescence microscopy suggest that a lung surfactant monolayer consists of coexisting liquid- Table 1 Results of surface tension (γ), area (A), volume (V) and curvature at the bubble apex (C) for the 3 bubble clicks (before and after the clicking) in dry conditions shown in the insert of Fig. 4(a) condensed (LC) and liquid-expanded (LE) phases even at a surface pressure approaching 70 mJ/m 2 [44] . The LC domains contain mostly DPPC and other saturated phospholipids, while the LE domains contain mostly unsaturated components and hydrophobic proteins. The LC domains in a lung surfactant film never exceed more than 30-40% of the film, roughly corresponding to the percentage of DPPC in surfactant [44] . To sustain the high surface pressure, Hall and coworkers [17, 36, 45] found that spread monolayers of lung surfactant or fluid phospholipids need to be compressed at a sufficiently high rate, which transforms the fluid films to a metastable structure capable of sustaining the high surface pressure for a prolonged period, simulating the remarkable film stability in vivo. This behavior of fluid monolayers supercompressed to form films that resist collapse is analogous to that of three-dimensional liquids supercooled towards a glass transition, forming an amorphous structure [45] . The critical compression rate found in Hall's experiments was 35% (of area compression) per second [17] . In the present study, however, it is found that the BLES films maintain high stability even at a much lower compression rate in both dry and wet condition. As shown in Figs. 2(a) and 3(a) , a compression rate of approximately 10%/s (i.e., the case of 15% compression ratio) is sufficient to produce a low surface tension and the films with such a low surface tension are very stable. These results suggest that the adsorbed films have a higher stability than the spread films. Adsorbed films may differ from spread films in the existence of a "surface-associated reservoir" which is formed primarily during adsorption [46] . The surface-associated reservoir has been demonstrated in a captive bubble arrangement using a subphase depletion technique [46] , and recently using a subphase solidification technique (fixation of the hypophase-surfactant lining complex in a sodium alginate solution by adding calcium ions) [47] . The surface-associated reservoir represents a multilayer structure consisting of the interfacial monolayer plus interconnected bilayers or buckled monolayers. Such three-dimensional architecture facilitates the exchange (e.g., readsorption, respreading) of surfactant materials between the interfacial layer and the adjacent layers upon extreme film compression and expansion, thus providing additional stability to allow higher compression than the spread films [48] .
At extremely high compression, however, the adjacent multilayer structure may be detached from the interfacial monolayer [49] . If this is the case, after the compression is halted, the film becomes unstable due to the permanent loss of surfactant material; the film rapidly relaxes towards equilibrium, usually commencing with a stepwise increase in surface tension immediately after the compression has been halted (see Figs. 2(b) and 3(b) ). The higher stability of BLES films found in dry conditions may suggest a stronger adhesion of the surfaceassociated reservoir to the interfacial layer, presumably due to dehydration of the films from the air side.
Bubble clicks
In addition to film relaxation, the onset of bubble clicks is another measure of film stability [37] . Bubble clicks in the CBS can occur at surface tensions approximately 1-15 mJ/m 2 [37] . However, they occur at somewhat lower surface tensions in the present study, presumably due to the smaller size of bubbles used here. Using the same size bubbles at all times, however, the experiments show distinctly different behavior of bubble clicks in dry and wet conditions. The bubble clicks in dry conditions show a regular and repeated pattern, i.e., a sudden jump in surface tension followed by a progressive decrease (insert in Figs. 4(a) and 5(a)). Similar patterns of clicks were also observed in a previous study using a constrained sessile drop method at room temperature [50] . In contrast, the bubble clicks in wet conditions occur in an irregular manner with numerous smaller, less repeatable surface tension jumps (insert in Figs. 4(b) and 5(b) ). This difference may indicate that in dry conditions the molecules forming the lung surfactant films interact with each other by a strong cohesive force that results in a high surface viscosity, which renders the film rigid enough to withstand the high surface pressure. As a result, in dry conditions the surfactant films only collapse under very high compression and in large sections of film material, as seen by the relatively few and large clicks occurring at surface tensions lower than 1 mJ/m 2 . On the other hand, in the wet conditions the film material is shed from the interface continuously in small pieces upon progressive compression (small clicks that are initiated at surface tensions higher than 1 mJ/m 2 ). This is presumably due to weaker interactions between the surfactant molecules because of film hydration-fluidization, i.e., lipid flipflop and/or lateral diffusion induced by the high humidity [51] .
Film compressibility
Film compressibility is dependent on a number of factors including the film composition [38, 39] , the rate of compression [52, 53] , and the cycling history of the films [13, 16] . Therefore, careful evaluation of the film compressibility requires sophisticated design of experiments and multi-parameter control. Hence, the calculation shown in Fig. 6 is just an approximation. A definitive conclusion about the film structure on the basis of compressibility alone may not be possible. Nevertheless, a significant difference in the film compressibility in dry and wet conditions is found at low surface tensions (i.e., <3 mJ/m 2 ). This difference may indeed suggest a somewhat different film conformation at these two humidity conditions. At the low surface tensions, the fatty acid chains of the phospholipid molecules are aligned parallel to each other; the chains are either tilted with respect to the air-water interface or perpendicular to it [54] . Further decreasing the surface tension can only be achieved by decreasing the area occupied by the polar headgroup and, even more effectively, by decreasing the tilt angle of the fatty acid chains [54] . It has been found for stacks of bilayers that both the chain tilt angle and the area occupied by the polar headgroup increased in a 100% RH environment [55] . If bilayers can be loosely envisioned as two back-to-back monolayers interacting non-specifically as two slabs [56] , such a dependence of bilayer properties on humidity may be also applied to monolayers or even multilayers. This may help to explain the higher compressibility of lung surfactant films at low surface tension found at 100% RH.
Humidity in a captive bubble-film resistance to water evaporation
It has long been assumed that the captive bubble method ensures 100% RH, i.e., a good simulation of the in vivo conditions, even if ambient air is used to form a bubble. This is based on the hypothesis that lung surfactant films do not present any resistance to water transport. Consequently, the bubble would be expected to be saturated with water vapor immediately after formation. However, our experiments do not support this traditional point of view. Both a previous adsorption study [25] and the present stability test have shown a significant difference in the surface activity of BLES films adsorbed in ambient air and in air prehumidified to 37°C with 100% RH.
The different surface activity of BLES films under these two humidity conditions may in turn suggest that lung surfactant films, which are rapidly adsorbed on the bubble surface within seconds in dry conditions [25] , represent a barrier to the evaporation of water vapor into the bubble. This is in agreement with the direct measurement by Meban [57] . It is well established that insoluble monolayers formed at the air-water interface retard water evaporation [58, 59] . A recent study also proved that a BLES film which had been rapidly adsorbed on the surface of an oxygen captive bubble reduced oxygen transfer and this reduction was surface tension dependent [60] . An effect on water transport would not be unexpected.
We have not directly measured the humidity in a captive bubble due to technical difficulties. The time required for fully humidifying an air bubble with adsorbed BLES film was also not determined. According to Meban [57] , the evaporation resistance of spread rabbit lung surfactant films at 37°C was approximately 0.4 s/cm, which corresponded to a reduction of more than 5% in the water evaporation rate. Hence, the rapidly adsorbed BLES films likely retard the process of full humidification of a bubble by at least several seconds. Nevertheless, this time period of humidification is also the period of rapid film formation occurring at the air-water interface. Therefore, the different humidity conditions may significantly affect the formation of lung surfactant films and the stability of these films, as demonstrated here.
Another difference raised by water evaporation might be the different heat transfer processes occurring in these two extreme humidity conditions. It has been shown previously that water evaporation can cause temperature decrease at the air-water interface no matter whether the surface was covered with a monolayer or not [61, 62] . This cooling effect could play a role in film formation. However, cooling the surface by water evaporation seems unlikely involved in the in vivo film formation.
It is also worth mentioning that the lack of full humidification in a captive bubble seems to be only a concern for studying adsorbed films. When the captive bubble method is used to study spread films, the bubble should be already 100% humidified by the time of film spreading because humidification of a bubble in a clean aqueous subphase devoid of surfactant should be completed almost instantly.
Physiological implication
Surface tension and area in the lungs are interrelated and change within a narrow range [63] . The maximum area reduction of the lungs during normal tidal breathing seems to be no more than 30% [63] . The compression ratio that was found here to start destabilizing BLES films at 100% RH, therefore, may be beyond the normal physiological range.
Comparison between the BLES films and the NLS films compressed under physiological conditions (i.e., 37°C and 100% RH) found that the latter is much more stable even upon extremely high compressions. Previous studies also showed that NLS adsorbs rapidly in vitro even at 100% RH [64] , whereas BLES adsorbs slowly under the same experimental conditions [25, 64] . The different surface activity between BLES and NLS is likely due to their different compositions.
As mentioned before, NLS differs from BLES mainly in the presence of hydrophilic proteins and neutral lipids, primarily cholesterol [5, 28] . Yu and Possmayer [12] found that films formed by NLS (with SP-A) were more stable than those formed by extracted surfactant (without SP-A) in a PBS. Schürch et al. [13] also found that the addition of SP-A minimized bubble clicks in a CBS. Therefore, SP-A may play an important role in stabilizing the lung surfactant film in vivo. However, due to its hydrophilicity, SP-A likely enhances the films stability by promoting the formation of the surfaceassociated reservoir but not the interfacial film directly. Schürch et al. [46] suggested that SP-A acts as a potent promoter for the movement of excess material (equivalent to 2-3 monolayers) at the interface into the surface active film, thereby facilitating the adsorbed films to sustain very high compression.
In mammalian lung surfactant, cholesterol accounts for 5-10 wt.%, i.e., up to 20-22 mol% [5] . However, the physiological function of cholesterol in mammalian lung surfactant is still illdefined [65, 66] . Previous studies found that cholesterol contributes to fluidizing lipid monolayers and bilayers and hence enhances adsorption/readsorption of DPPC vesicles. Meanwhile, it was also found that cholesterol compromises the ability of surfactant films to reach and/or sustain high surface pressure during lateral film compression. A recent study by Bernardino de la Serna et al. [65] suggests that a small amount of cholesterol plays a crucial role in altering the lateral phase separation of natural lung surfactant films. They found that cholesterol induces the coexistence of two distinct fluid phases, i.e., fluid ordered and fluid disordered-like phases. Such films are fluid but still ordered and packed, completely different from the gel/fluid-like phase coexistence found in BLES films [67] . This unique structure of cholesterol-containing films may contribute to sustain the highest pressures even at high humidity. Malcharek et al. [68] also found that a small amount of cholesterol (∼10 mol%) plays a role in stabilizing the surfactant films, mainly by strengthening the surface-associated multilayer structures. The high stability of NLS films found here in the physiological conditions is consistent with these findings and also suggests an important role of cholesterol in maintaining the normal film dynamics in vivo.
It should also be noted that the composition of various therapeutic surfactants differs significantly not only in the levels of apoproteins and phospholipids but also in the various additives and minor lipids [69] . Recent studies have found that the stability of lung surfactant films can be significantly promoted by certain additives such as palmitic acid, used in Survanta [70] and hexadecanol, used in Exosurf [71] . These small molecules intercalate between the DPPC fatty acid chains, thus leading to a reduced tilt angle and hence tight packing of the two-dimensional lattice. Therefore, the dependence of film stability of these therapeutic lung surfactants on humidity may also be different.
In summary, we report that the adsorbed BLES films on the surface of captive bubbles are destabilized under physiological conditions, i.e., 100% RH at 37°C. This film destabilization has been quantified by the ability to maintain low surface tensions at various compression ratios, the behavior of bubble clicks, and the film compressibility. Together with previous studies of the adsorption kinetics, the experimental results suggest that 100% RH at the physiological temperature decreases the surface activity of lung surfactant films. These results also suggest retardation of water transport by rapidly adsorbed lung surfactant films at air-water interface. The findings suggest a need of careful humidity control for the in vitro assessment of lung surfactant preparations. It is also found that NLS films show high stability under physiological conditions. This may indicate a physiological function of SP-A and/or cholesterol, which are absent in BLES, in maintaining the extraordinary film stability in vivo. Further investigation on the model lipid/protein mixtures would be necessary to characterize the structuralfunctional properties of these individual components.
